Abstract Neutral beam injection is recognized as one of the most effective means for plasma heating. According to the research plan of the EAST physics experiment, two sets of neutral beam injector (4-8 MW, 10-100 s) were built and operated in 2014. Neutralization efficiency is one of the important parameters for neutral beam. High neutralization efficiency can not only improve injection power at the same beam energy, but also decrease the power deposited on the heat-load components in the neutral beam injector (NBI). This research explores the power deposition distribution at different neutralization efficiencies on the beamline components of the NBI device. This work has great significance for guiding the operation of EAST-NBI, especially in long pulse and high power operation, which can reduce the risk of thermal damage of the beamline components and extend the working life of the NBI device.
Introduction
It is known widely that neutral beam injection is one of the most effective methods for plasma heating and has also been verified to be applicable for current drive [1−10] . As the first full superconducting noncircular cross section tokamak in the world, EAST is used to explore the forefront of physics and engineering issues on the construction of a fusion reactor.
In the NBI device, an ion beam (IB) is generated by an ion source, accelerated by electrodes, and neutralized in the neutralizer. Only a neutral beam (NB) could be injected into EAST directly, charged particles would be deflected by the bending magnet and absorbed by the ion dump. Because of the space charge effect, and the geometric structure of electrodes, a beam will diverge during its transmission, which would hit on the heat-load components and cause a large energy deposition [11, 12] . Along the beam direction of the NBI device, the collimators and heat load components are: source collimator (SRC), baffle collimator (GBU), neutral beam chamber inlet limiters (NEUT), ion dump (IDUMP), ion return collimator (GBL), magnet pole shield (POSH), magnet collimator (EN+EX), and calorimeter (CALR) (see Fig. 1 ).
In order to meet the requirements of long pulse and high power operation of NBI, this research explores the distribution of beam power deposition on the beamline components of EAST-NBI at different neutralization efficiencies. By analyzing the experiment data, it can be found that the power deposition on the beamline components has a great relationship with the neutralization efficiency. This work has a great significance for guiding the operation of EAST-NBI, especially in long pulse and high power operation, which can reduce the thermal damage of the beamline components and extend the working life of the NBI device [13−15] . magnet on and off respectively at the same operation parameters. The specific formula is shown as:
here, η is the neutralization efficiency, E magnet−on means the energy depositing on the calorimeter with the bending magnet on, and E magnet−off represents the energy depositing on the calorimeter with the bending magnet off. The experiments were carried on with the change of accelerating voltage, which varied from 35 kV to 60 kV. During the experiments, the only gas supply is from the ion source, and it kept the same value as 1500 Pa·L/s. The details are shown in Table 1 .
In order to calculate the power deposition on the heat-load components, a water flow calorimetry (WFC) system is adopted [16] . This system is composed of flow meter, differential temperature transducer (DTT), flow switch, pressure switch and data acquisition system. It can measure the flow rate and temperature rise of cooling water, which flows through the components and calculate the power deposition on the ion source and beamline components. According to the flow rate and temperature rise obtained by the WFC system, power deposition P of each heat-load component of the beamline can be calculated
here, c p is the specific heat of water, m is the cooling water mass flow in the heat-load component, T (t) is the difference between the outlet and inlet temperature of the cooling water. Considering the acquisition time t f in each shot, Eq. (2) can be written:
By this formula (Eq.(3)), the power deposition on the beamline components in the NBI device can be calculated.
Experimental parameters
Power deposition on NBI beamline components has a close relationship with the neutralization efficiency. By analyzing a large number of experiment data, the relationship between these two variables can be obtained [17] . Figs. 2-4 show the relationships between neutralization efficiency and the ratio of power deposition and beam power on SRC, NEUT and GBU, respectively. Obviously the power deposited on SRC, NEUT and GBU whether on ion beam extraction or neutral beam extraction almost stayed the same at the same neutralization efficiency. The reason is that the installation positions of these components are ahead of the bending magnets ( Fig. 1) , so whether the magnet is on or off, i.e. ion beam extracted or neutral beam extracted, has little influence on power deposition. Fig.3 The power deposition rate on NEUT as a function of neutralization efficiency Fig.4 The power deposition rate on GBU as a function of neutralization efficiency
When the bending magnet is turned off, the ion beam is extracted. Therefore, there is no power deposition on IDUMP and GBL in this case, but when the neutral beam is extracted power deposition will exist. Fig. 5 is the power deposition on IDUMP and GBL varies with neutralization efficiency. It can be seen by this graph that the power deposition on the IDUMP and GBL decreases obviously with the growth of neutralization efficiency. The power deposition on the IDUMP and GBL mainly comes from the ion particles, which are deflected by bending the magnet from the extracted beam. With the increase of neutralization efficiency, the number of ion particles decreases, thus power deposition reduces on both of the two components.
There is an obvious change on the power deposited on EN+EX with different beam extraction conditions. Fig. 6 reflects the relationship of power deposition and neutralization efficiency. As shown, the power deposition decreases with the growth of the neutralization efficiency apparently when the neutral beam is extracted, whereas it almost has no change as the ion beam is extracted. The reason is that the power deposition on EN+EX derives from the sum of the power deposition on EN and EX. Whether the neutral beam or ion beam, the power deposited on EN almost is the same, but the power deposited on EX increases linearly with the number of unneutralized particles. With the increase of neutralization efficiency, the number of unneutralized particles gets smaller, so the power deposited on EX decreases, thus the sum of power deposited on EN+EX gets lower. Fig.5 The power deposition rate on IDUMP and GBL as a function of neutralization efficiency Fig.6 The power deposition rate on EN+EX as a function of neutralization efficiency When a neutral beam is extracted, the power deposited on the calorimetry is the same as the beam power injected into the EAST tokamak. Fig. 7 shows the relationship between power deposition on CALR and neutralization efficiency. It can be seen that when the neutral beam is extracted, the power deposited on CALR grows with the increase of neutralization efficiency distinctly, while power deposition almost stays the same as the ion beam extracted. The possible reason is that the power deposition on CALR is from the beam energy, when the bending magnet is turned on, a part of charged particles is deflected and hits on the IDUMP, the other part of neutral particles hits on the CALR, so the higher the neutralization efficiency, the more neutral particles and more power deposition on CALR would be. Fig. 8 is the power deposition rate on POSH as a function of neutralization efficiency. With the increase of neutralization efficiency the power deposited on it trends downward apparently. The reason is similar to the power deposition on EN+EX. The operation with low neutralization efficiency has heavy pressure of heat exchange for POSH, especially on the condition with the high energy neutral beam extraction mode (U acc > 60 kV). Fig.7 The power deposition rate on CALR as a function of neutralization efficiency From the above analysis of the beamline component in the NBI device at different neutralization efficiencies, it can be concluded that a low neutralization efficiency of operation not only reduces the energy efficiency ratio, but also increases the heat load of the cooling water system, which would have a larger heat burden to the transferability of the beamline components.
Further study on the distribution of power deposition
According to the experiment research, beam parameter waveforms during neutral beam extraction and temperature rise of cooling water which flows in the beamline components are shown in Figs. 9 and 10, respectively.
According to the cooling water temperature rise and the mass flow rate, the distribution of power deposition on the components can be found (Table 2) . It can be found that CALR, IDUMP and POSH have the high percentage of beam power, i.e. these components have a great heat load. As for CALR and IDUMP, both of these components have good structure design and great capability of heat dissipation. What is more, the higher power deposited on CALR means the more energy will be injected into the tokamak. So the POSH could be the main restriction for the long pulse and high power operation of EAST-NBI. Moreover the heat-load area of POSH is not large (1.77 m 2 ), so the power density is much higher. Thus, the temperature distribution of POSH is numerically simulated while the neutral beam is extracted (60 kV, 40 A, 2 s, η=37%, H beam) . POSH is made of copper, and its softening temperature is 573 K, which means if the temperature is over it, the plane of POSH starts transforming. Fig. 11 shows the relationship between maximum temperature of the POSH surface with operating time. As is shown, when NBI operates continuously around 140 s, the maximum surface temperature will exceed 573 K, which means POSH cannot meet the operations conditions anymore, and the structure needs to be optimized to enhance its heat transfer capacity in a future work [18] . 
Conclusion
The long pulse and high power operation of NBI is the requirement from EAST; in order to achieve this goal, two tasks must be accomplished: one is to optimize the ion source, while the other is to improve the design of the beamline components. This paper focuses on power deposition of the beamline components in the NBI device, which lays the foundation for increasing the heat transfer capacity of POSH, besides this research has great significance for parameter adjustment of NBI operation. By analyzing the power deposition of beamline components at different neutralization efficiencies, the bottleneck which limits the realization of long pulse and high power operation of NBI is found. What is more, by calculating the power deposition percentage the following conclusion can be drawn: improving the neutralization efficiency can increase the neutral beam injection power effectively, and reduce the heat load which causes thermal fatigue of the components, so as to extend the working life of the NBI device.
